Solid phase high explosive (HE) residues from munitions detonation may be a persistent source of soil and groundwater contamination at military training ranges. Saturated soil column tests were conducted to observe the dissolution behavior of individual components (RDX, HMX, and TNT) from two HE formulations (Comp B and C4). HE particles dissolved readily, with higher velocities yielding higher dissolution rates, higher mass transfer coefficients, and lower effluent concentrations. Effluent concentrations were below solubility limits for all components at superficial velocities of 10-50 cm day
Introduction
Contamination of soil and groundwater with high explosive (HE) compounds has been observed at many military training ranges (Jenkins et al., 2001; Pennington et al., 2002; Clausen et al., 2004) . The primary source of HE contamination at these sites is residues from detonation of military munitions including projectiles (e.g., mortar and artillery rounds), grenades, land mines, aerial bombs, and missiles, as well as ordnance demolition charges. At one military installation in the eastern US, surface and underlying soils have significant HE contamination as a result of more than 50 years of live-fire training. The main soil contaminants are the high explosives hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and 2,4,6-trinitrotoluene (TNT), although other contaminants such as 2,4-dinitrotolune (2,4-DNT), nitroglycerine (NG), and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) have also been detected. RDX has been detected in soil at concentrations up to 16,000 mg kg À 1 , although HE levels have generally been b1 mg kg À1 . Most HE contamination exists in near-surface soils and in the vicinity of firing range targets . A primary concern is that soil contaminants may eventually migrate to groundwater and contaminate drinking water supplies of nearby communities. RDX is particularly worrisome because it is highly mobile in the subsurface and toxic to humans.
Military munitions typically utilize HE formulations such as Composition C4 (C4), composed of RDX and plasticizers, and Composition B (Comp B), a mixture of RDX and TNT, as their main charges . These formulations and many other organic chemicals are also used in munitions for primers, fuses, and ignition and propellant charges . The yield of a detonation is the fraction of HE that detonates. Types of detonations include dud (little or no explosion, resulting in unexploded ordnance), low order (a significant amount of HE does not detonate), or the desired high order, in which nearly 100% of the HE is detonated (Taylor et al., 2004) . Depending on the munition type, up to 4.4% and 0.22% of all detonations may be duds and low-order detonations, respectively (Jenkins et al., 2001) .
Any type of detonation deposits HE residues on the ground surface. Radtke et al. (2002) estimated that there were 19,900 TNT particles larger than 3 mm per cubic yard of surface soil from an explosives testing range, for a total mass of 1.7 kg of TNT. Taylor et al. (2004) measured residues from detonations of 155-mm howitzer rounds containing 6.76 kg of TNT. For low-and high-order detonations, an estimated 40-44% and 1-3% of the TNT charge was deposited on the ground surface, respectively, with many large TNT pieces observed for both. Jenkins et al. (2002) found 4430 Ag RDX m À2 and 40 Ag TNT m À2 deposited on a clean snow surface at after a high-order detonation of an 81-mm mortar round. Thus, even if only a small fraction of the total HE mass within a munition is not consumed during a detonation, repeated blasts at training ranges and impact areas will result in significant HE accumulation in surface soils, establishing a source of potentially leachable contaminants.
Although dissolution of HE particles and residues is the first and possibly rate-limiting step in the migration of HEs from firing ranges (Brannon et al., 1999) , little is known about the rates or mechanisms that govern in-situ dissolution of HE residues prior to subsurface transport and transformation. Several previous studies (Lynch et al., 2002a,b; Pennington et al., 2002; Phelan et al., 2002) reported dissolution kinetics of HE compounds and formulations in batch reactors and found that dissolution rates generally increased with temperature and particle surface area. In single component dissolution tests with military-grade TNT, RDX, and HMX, TNT had the fastest dissolution rate (Lynch et al., 2002a) . Dissolution rates of component HEs from Comp B were similar to the dissolution rates of pure HEs (Lynch et al., 2002b; Pennington et al., 2002) , but TNT reached its maximum concentration faster than RDX during dissolution of Comp B particles under all conditions (Phelan et al., 2002) .
Although these studies provide insight into HE dissolution rates, dissolution rates of HE particles under conditions that may be relevant to contaminated soils at training ranges or impact areas were not studied. This research was undertaken to determine HE particle dissolution kinetics during infiltration through saturated soil at various water velocities and conditions of continuous and intermittent flow. Two HE formulations, C4 and Comp B, were studied to determine RDX, HMX, and TNT dissolution rates, and a dissolution model that included advection, dispersion, and film transfer resistance was developed to estimate steady state effluent concentrations. These results can be combined with detailed fate and transport modeling to estimate exposure concentrations in on-and off-post groundwater in the vicinity of a site.
Materials and methods

Soil samples
All soil used in these experiments was uncontaminated and was a composite of samples from approximately 100 ft below ground surface from two borings near an Impact Area at the eastern US military installation. The soil consisted of approximately 97.3% sand (N0.075 mm), 2.7% silt and clay, and 0.04% organic matter. Based on the grain size distribution, the approximate geometric mean particle diameter was 0.35mm. The soil had the following characteristics: bulk density 1.61 gd cm
À3
; particle density 2.63 gd cm À3 ; pH 6.12; cation exchange capacity 1.17 meqd (100 g) À1 ; and total iron 331 mgd kg À1 . Further details of the site-specific soil properties are presented by Yamamoto et al. (2004) .
High explosives
Two HE formulations were used in these experiments. C4 is a plastic explosive that is used in bursting charges and shaped demolition charges (Fedoroff and Sheffield, 1966) . When manufactured, C4 has a density of 1.58-1.60 g cm À3 and consists of 91% military-grade RDX and 9% plasticizers by mass (Fedoroff and Sheffield, 1966) . Typical military-grade RDX has about 10% HMX by mass (Phelan et al., 2002) ; thus, the C4 consisted of approximately 81.9% RDX, 9.1% HMX, and 9% plasticizers by mass. C4 particles (~1 cm diameter) were collected from the demolition area ground surface of the eastern US military installation. Prior to our experiments, the C4 particles were submerged in water, crushed to reduce the particle diameter to~2 mm, and air dried. Although the size reduction of the C4 particles produced fresh, unweathered surfaces that may have biased dissolution rates, HE particles with diameters b 1 cm are expected to be more widespread at contaminated sites (Taylor et al., 2004) . Assuming the C4 particles were 2-mm spheres with a density of 1.59 g cm À3 , the specific surface area was about 18.8 cm 2 g À1 . Comp B includes several different formulations that consist of about 60% RDX and 40% TNT by weight (Fedoroff and Sheffield, 1966) . The resulting mixture is castable, has a density of about 1.68-1.71 g cm À3 , and is used in numerous types of military ordnance, including artillery shells, land mines, and rockets (Fedoroff and Sheffield, 1966) . Comp B particles were provided by James Phelan (Sandia National Laboratories, Albuquerque, NM), who originally obtained them from the McAlester Army Depot (McAlester, OK). Comp B particles had particle diameters of 0.5-0.6 mm, a spherical specific surface area of about 66 cm 2 g À1 , and consisted of 54% RDX, 6% HMX, and 40% TNT (Phelan et al., 2003) .
Dissolution experiments
Four column dissolution experiments were conducted at room temperature (~22 8C). One continuous flow and one intermittent flow (cycling between flow and no flow conditions) experiment were conducted for each HE formulation. Each column experiment was prepared by mixing 0.5 g of Comp B or C4 particles with 80 g of clean soil. For the Comp B experiments, the initial masses of RDX, HMX, and TNT were approximately 0.27, 0.03, and 0.2 g, respectively. Initial masses of approximately 0.41 g RDX and 0.046 g HMX were placed in the columns for the C4 experiments. The soil-HE mixtures were packed into 5-cm diameter glass columns to provide a source zone depth of approximately 2.5 cm. Additional clean soil was placed both above (160 g) and below (80 g) the soil-HE mixture. The porosity of the packed soil columns was 0.4.
Uncontaminated rainwater collected at the military installation was pumped into each column using a peristaltic pump. A water depth of approximately 5 cm was maintained over the top of the soil, thereby maintaining saturated conditions in each column. The effluent was sampled with a fraction collector, and RDX, HMX, and TNT concentrations were measured via high performance liquid chromatography (HPLC) according to USEPA Method 8330 (USEPA, 1994) .
The duration of each continuous-flow column test was 120 h. For the first 72 h, the superficial velocity was 10 cm day À1 (flow rate of~0.14 mL min À1 ). Preliminary analytical results suggested that steady-state effluent RDX and TNT concentrations were achieved within 12 h and 48 h, respectively; thus, the flow rate was increased to 0.42 mL min À1 (superficial velocity of 30 cm day À1 ) at 72 h. The flow rate was increased again at 96 h to a superficial velocity of 50 cm day À1 (~0.7 mL min À1 ). Intermittent flow column tests simulated alternating periods of saturated flow and stagnation. During each flow period, the superficial velocity was constant at 10 cm day À1 . At the end of each 24-h flow period, the flow was halted by stopping the pump, but the soil was not drained. No-flow periods of 1, 2, 4, 8, and 24 h were applied, each of which was followed by 24 h of flow. During the no flow periods, each column remained saturated with water contacting the HE particles.
Dissolution modeling
For each column operating condition, both non-steady-state and steady-state effluent concentrations were observed. Dissolution kinetics was estimated by fitting a mass transport model to the period of steady-state performance. Two similar approaches were used for modeling dissolution of HE particles in the soil columns; one included dispersion in the bulk liquid phase, while the other did not. The dissolution model was developed with the following assumptions and limitations:
1. the specific surface area and mass of source particles do not vary over time; 2. the overall rate of dissolution is limited by mass transport kinetics across the liquid film surrounding the HE particles; 3. the solvation step is much faster than the mass transfer step; thus, each component in an HE mixture dissolves instantaneously into the liquid phase at the water-HE interface, yielding liquid phase HE concentrations at the particle-liquid interface equal to the component solubility (C s );
4. contaminant interactions with soil particles (i.e., sorption) are negligible; and 5. reactions (i.e., biodegradation or surface-mediated degradation) are negligible.
In the column experiments, the HE concentration in the source zone can be calculated as
where X HE is the HE mass fraction (g g À1 ); M HE is the mass (g) of HE in the source zone; and M s is the soil mass (g) in the HE source zone. For modeling, the HE particles were assumed to be uniformly distributed throughout the column. The resulting expression for mass transfer from the HE particles to liquid phase is:
where k f is the liquid-film mass transfer coefficient (cm day À1 ), a is the specific surface area of the HE particles (cm 2 g À1 ), / is the mass fraction of a specific compound in the HE formulation, C is the HE concentration in the bulk liquid (mg L À1 ), and q b is the packing density (g cm À3 ) in the soil column. We have assumed that each component's fraction of the total specific surface area is equivalent to its mass fraction (/) in the HE formulation.
The resulting steady-state models with and without dispersion, respectively, are:
where:
and z is axial position along the length of the column (cm), m s is the interstitial velocity (cm day À1 ), is the soil porosity, and D h is the hydrodynamic dispersion coefficient (cm 2 day À1 ) in the flow direction.
Assuming the boundary conditions of C = 0 at z = 0 and C = C s at z = l, the solution to Eq. (3) is:
The solution to Eq. (4) for the boundary condition of C = 0 at z = 0 is:
Fitting of Eq. (6) to the steady-state effluent concentration data was the primary means of estimating k f , while Eq. (8) Phelan et al., 2002; Lynch et al., 2002b) .
Tracer tests were conducted in associated research (Yamamoto et al., 2004) to estimate D h for one of the flow conditions used in this research (D h = 26.56 cm 2 day À1 for m s = 29.09 cm day À1 ; same aquifer material). D h was estimated for the other two flow conditions using the correlation proposed by Freeze and Cherry (1979) :
where a is the longitudinal dispersivity of the porous medium (0.892-0.895 cm) and D* is the pore diffusion coefficient (cm 2 day À1 ). D* for each solute was approximated as the product of the porosity ( = 0.4) and the free liquid diffusivities (D L ) from Rosenblatt et al. (1991) .
Model-fit values of k f were compared to the correlation developed by Powers et al. (1994) for dissolution of naphthalene spheres emplaced in a packed bed of sand. As in our dissolution experiments, the naphthalene spheres were a small fraction of the particles in the source zone. Powers et al. (1994) correlated the Sherwood number with the Reynolds number (Re) as:
with Re calculated using the interstitial velocity:
where q w is the density of water (kg m À3 ), l c is the characteristic length (m), D L is the free liquid diffusivity of the solute (cm 2 day À1 ), and l w is the viscosity of water (kg m À1 day À1 ). Powers et al. (1994) obtained the best results when l c was equated to the median sand grain diameter, rather than the contaminant sphere diameter.
Results and discussion
Continuous-flow experiment-Comp B
During the continuous flow Comp B experiment, the steady state effluent concentrations generally decreased and were achieved more quickly as the superficial velocity was increased (Fig. 1) , illustrating that HE dissolution under these flow conditions is limited by the kinetics of mass transfer. The RDX and HMX concentrations reached steady-state concentrations of approximately 28 and 2.3 mg L À1 , respectively, in about 12 h at a superficial velocity of 10 cm day À1 (Fig. 1 ) were approximately 60%, 58% and 19% of the pure compound aqueous solubilities. The steady-state RDX and TNT concentrations at 10 cm day À1 were also significantly lower than the concentrations that Phelan et al. (2002) obtained when dissolving the same material in wellmixed batch reactors with no soil. In their experiments, the maximum RDX and TNT concentrations were approximately 40 and 110 mg L À1 , respectively (Phelan et al., 2002) . The lower concentrations observed during our experiments were most likely due to mass transfer limitations imposed by flow conditions in the packed soil column, but interactions between dissolved contaminants and the soil particles, particularly for TNT (Yamamoto et al., 2004) , may have reduced effluent concentrations.
Intermittent-flow experiment-Comp B
Over the first 24 h of the intermittent-flow Comp B experiment (Fig. 2) , RDX and HMX effluent concentrations increased rapidly and were similar to those during the first 24 h of the continuous-flow Comp B experiment. The effluent TNT concentration increased rapidly to about 50 mg L À1 within 6 h, which was significantly faster and higher than the 22 mg L À1 during the continuous-flow Comp B experiment at 10 cm day À1 . This observation is puzzling because of the identical setup and operation of the intermittent and continuous-flow columns during the first 24 h. However, the TNT concentration was still less than half the solubility of TNT (117 mg L À1 ) and the maximum TNT concentration (110 mg L À1 ) obtained by Phelan et al. (2002) using the same source material in well-mixed batch reactors.
In general, pseudo-steady state effluent concentrations for all components were highest during the first and final 24-h flow periods, while the lowest steady state concentrations occurred in the middle of the experiment (79-103 h). Because the column remained saturated while the flow was stopped, Comp B continued to dissolve into stagnant pore water during periods of no flow, resulting in some effluent concentration peaks during subsequent start-up. RDX and HMX approached steady state effluent concentrations during each flow period, although these concentrations varied throughout the experiment. The effluent TNT concentration decreased considerably between 50 and 72 h of operation, but remained much higher than the 22 mg L À1 observed during the continuous-flow experiment. This decrease may have been caused by the onset of chemical or biological degradation reactions, which significantly affect transport of TNT through this aquifer material (Yamamoto et al., 2004) .
Continuous-flow experiment-C4
Steady state RDX and HMX concentrations produced by continuous-flow C4 dissolution decreased as the superficial velocity was increased and were well below solubility limits during the experiment (Fig. 3) , as in the continuous flow Comp B experiment. RDX and HMX steady state effluent concentrations were comparable to those during the continuous-flow Comp B test, which was unexpected given the differences in exposed surface areas for each component in these HE formulations. The estimated exposed surface areas for RDX and HMX in C4 were only about 43% of those for Comp B due to differences in HE composition and estimated particle surface areas. Comp B used in this work was well characterized by Phelan et al. (2002) , whereas the characterization of the C4 particles was less certain. The similarity of RDX and HMX concentrations from the C4 and Comp B experiments suggests that C4 dissolves more readily than Comp B, although this possibility is not certain based solely on these data, or that the actual specific surface area of the C4 particles was higher than our estimates. In a similar study, Phelan et al. (2003) found that the measured specific surface area of the Comp B particles was much greater than that calculated assuming uniform spherical particles due to smaller particles adhering to the larger HE particles.
Intermittent-flow experiment-C4
During the intermittent-flow C4 experiment (Fig. 4) , pseudo-steady state effluent concentrations generally ranged from 30-35 mg RDX L À1 and 2-2.2 mg HMX L À1 . These effluent concentrations were comparable to those observed during the Comp B intermittent-flow experiment, which again suggests that our estimate of the C4 specific surface area was too low or that C4 dissolves more readily than Comp B. As with Comp B under intermittent-flow conditions, no significant effects of flow stoppage were observed for the first cycle, but in subsequent cycles the RDX and HMX concentrations increased slightly for 3-12 h after resuming flow.
In general, effluent concentrations were comparable to those observed during the Comp B intermittent-flow experiment, which again suggests that our estimate of the C4 specific surface area was too low or that C4 dissolves more readily than Comp B.
Apparent dissolution rates
For each 24-h flow period during each column test, two normalized apparent dissolution rates were calculated for each component of Comp B and C4 (Tables 1 and 2 ). Mass leaching rates (Ag h À1 ) for each component (RDX, HMX, or TNT), which were calculated by numerically integrating the product of the effluent concentration and flow rate, were normalized to component mass or component surface area. The mass-normalized dissolution rate (Ag h À1 g À1 ) was calculated by dividing the mass leaching rate by the initial component mass. An apparent dissolution flux (Ag h À1 cm À2 ) was calculated by dividing the mass-normalized dissolution rate by the estimated component specific surface area (product of a and /). These rates are apparent dissolution rates because they do not fully account for any interactions between HEs and soil (i.e., sorption or transformations) or the expected surface area reductions as HE particles dissolve. Exact dissolution rates would account for these factors and would be somewhat higher than the apparent rates presented in Tables 1 and 2. For continuous-flow conditions, dissolution rates and fluxes always increased with increasing superficial velocity (Tables 1 and 2 ), but not in direct proportion to velocity increases (Fig. 5) , demonstrating that Comp B and C4 dissolution is mass transfer limited under these flow conditions. For Comp B, additional flux increases for RDX, HMX, and TNT were not significant after increasing the superficial velocity from 30 to 50 cm day À1 , suggesting that the liquid film mass transfer resistance is minimized at these high flow rates. Dissolution fluxes from C4 were not maximized, and higher flow rates would likely have produced higher dissolution fluxes of RDX and HMX from C4. Such high superficial velocities (10-50 cm day À1 ) are not likely under field conditions, but extrapolation of the dissolution flux data to lower flow rates (Fig. 5) gives some insight into possible dissolution fluxes under saturated flow conditions. Because dissolution rates are strongly dependent on the flow rate (i.e., fluxes decrease with flow rate), these results suggest that dissolution fluxes may be quite small at realistic unsaturated zone flow rates. At the same time, pore water concentrations may approach solubility limits at lower superficial velocities and following periods of no flow (Figs. 1-4) .
When normalized to component surface area, the dissolution rates for all three chemicals from Comp B averaged from 9.8 to 13.7 Ag h À1 cm À2 under continuous-flow conditions at 10 cm day À1 . At higher flow rates, however, TNT consistently had the highest dissolution flux, while HMX consistently had the lowest. Intermittent-flow dissolution of RDX from Comp B initially had the same dissolution flux as for continuous flow (13.7 Ag h À1 cm À2 ), but RDX fluxes increased during later flow periods even though the flow rate remained constant (x = 23.0 Ag h À1 cm À2 , n = 5; s nÀ1 = 1.5). HMX was largely unaffected by intermittent flow conditions in our experiments, possibly because it is a minor component of Comp B and therefore has low surface area for dissolution.
Of the three Comp B components, TNT was most drastically affected by intermittent flow conditions. At a superficial velocity of 10 cm day À1 , TNT dissolution rates averaged 740 Ag h À1 g À1 (n = 3; s n À 1 = 283) under continuous-flow, but averaged 1790 Ag h À1 g À1 (n = 6; s n À 1 = 165) under intermittent flow. These significantly higher dissolution rates resulted in effluent TNT concentrations that peaked after flow was resumed (Fig. 2) to twice the TNT concentrations of the continuous-flow experiments. Higher TNT dissolution rates also resulted in more TNT being leached from the intermittent-flow column (51.6 mg TNT in 1.21 L) than the continuous-flow column (40.7 mg TNT in 2.22 L). These results indicate that TNT readily dissolves from Comp B, even under no-flow conditions. TNT has been found to have the highest rate of dissolution of the three compounds considered in this study (Lynch et al., 2002a) and to dissolve faster than RDX from Comp B (Phelan et al., 2002) . With the exception of the initial 24-h flow period, apparent dissolution rates of RDX and HMX remained relatively constant during the intermittent flow C4 experiment (Table 2) . Dissolution rates and fluxes of RDX and HMX were slightly higher during intermittent flow than those observed during dissolution of C4 under comparable continuous flow conditions. Higher dissolution rates during intermittent flow shows that RDX and HMX continued to dissolve from C4 during no-flow periods, yielding higher apparent dissolution rates and some concentration peaks soon after flow was re-started (Fig. 4) .
From a practical viewpoint, these results show that the dissolution rates of components from Comp B and C4 particles depend quite considerably on the flow rate and flow cycling through saturated soil. In general, the component dissolution rates decrease as the flow rate decreases, and intermittent flow tends to increase the apparent dissolution rates because of continued dissolution during periods of no flow. In particular, TNT dissolution from Comp B was significantly enhanced during no-flow periods. Although effluent RDX and HMX concentrations were similar, dissolution fluxes were generally higher from C4 than from Comp B under similar flow conditions, whereas dissolution rates from C4 normalized to component mass were lower than for Comp B. The differences between dissolution of C4 and Comp B particles can be attributed to variations in the particle sizes, composition, and environmental exposure of the materials used in these experiments. C4 consisted of weathered particles that were subjected to mechanical size reduction. The resulting C4 particles were not as well-characterized as the Comp B particles, which were originally extracted from a military munition (Phelan et al., 2003) . While these results shed some light on potential dissolution rates of HE components from C4 and Comp B, the water content of near-surface soils under field conditions is expected to be substantially less than that in these saturated soil column experiments. Therefore, the dissolution rates that may occur in unsaturated soils under field conditions are likely to be substantially lower than those observed in our soil column experiments because of low infiltration rates. This may also result in pore water concentrations approaching solubility limits because contaminant concentrations increase with decreasing flow rates.
The results presented in Tables 1 and 2 could be used to estimate the time required for dissolution of HE particles. For example, the dissolution rate of RDX from Comp B was about 885 Ag h À1 g À1 at a continuous flow rate of 10 cm day À1 , and the TNT dissolution rate under the same conditions approached a similar value. Thus, TNT may disappear first from Comp B because it is present at a lower mass fraction. Field evidence suggests that extending these simplified calculations to complete particle disappearance using these normalized rates is flawed because HE particles are persistent in near surface training range soils. At the eastern US military installation, Comp B particles were found as recently as 2004 in surface soil samples from areas that have not received HE ordnance discharge since 1997 (Pennington et al., 2005) . In reality, there are many interrelated variables that affect the dissolution rate, including degree of weathering of the explosive, HE particle size distributions, moisture content, and flow rate through the soil (Brannon et al., 1999) . Because of the complexity of variables, additional long-term experiments exploring a wider range of potential environmental conditions may be useful for more accurately estimating HE particle dissolution rates. Previously reported RDX, HMX, and TNT dissolution fluxes from pure high explosives (Brannon et al., 1999; Lynch et al., 2002a,b) and from Comp B (Phelan et al., 2002) are significantly higher than the maximum values observed in our column tests, which occurred under intermittent flow conditions (Table 3) . Contaminant dissolution fluxes from C4 have not been previously reported. Our results demonstrate dramatically lower fluxes from HE particles in saturated soil columns as compared to well-mixed batch reactors with no soil, presumably because of a higher degree of mixing intensity associated with the latter. A higher degree of mixing is likely to increase mass transfer coefficients or cause HE particles to disintegrate, thereby increasing the HE particle surface area and the dissolution rate. Our experimental results also suggest that dissolution of HE particles may be very slow under field conditions and that HE particles are likely to be a persistent source of leachable contaminants.
Dissolution modeling
The steady state models presented earlier were used to estimate mass transfer coefficients for dissolution of each component during continuous flow experiments. Results of steady-state column modeling are summarized in Table 4 , which includes the average steady state effluent concentrations used in the model, the standard deviation of each average concentration, and the number of data points used to estimate the mass transfer coefficient (k f ), as well as the resulting best-fit k f values for the steady state model that includes dispersion (Eqs. (6) and (7)). In general, the model that included dispersion provided good fits of steady state concentrations in all continuous-flow experiments. For all conditions analyzed, the resulting k f values increased with superficial velocity; however, k f increases were nonlinear. In all cases, the increase in k f was not very significant when superficial velocity was increased from 30 cm day À1 to 50 cm day À1 , suggesting that k f reached a maximum at these high superficial velocities. For Comp B and C4, mass transfer coefficients for HMX were considerably than those of RDX at each flow rate, possibly due to it small fractional surface area. The available values for TNT suggest that it had the lowest k f at each superficial velocity in the Comp B experiments. Higher k f values for dissolution of C4 indicate that C4 dissolves more readily than Comp B, as also suggested by flux data presented earlier.
To generalize the derived mass transfer coefficients, Sherwood numbers (Sh) for each component were calculated using Eqs. (10) and (11) and are presented as a function of Re in Fig.  6 , which also includes predicted Sh values based on the Powers et al. (1994) correlation. For RDX and TNT dissolution from Comp B, there is very good agreement with the Powers correlation. HMX results from Comp B and C4, as well as RDX results from C4, are underestimated by the Powers correlation. The higher estimated values for components from C4 may be a function of the uncertainty in the assumed specific surface area of our C4 particles. The model is fairly sensitive to the specific surface area; doubling the HE particle specific surface area halves the resulting Sherwood number. Thus, if our C4 particles were actually smaller than the assumed 2-mm diameter, the Sherwood numbers would agree more closely. The good agreement between the published correlation and our Comp B results for RDX and TNT suggest that the Powers correlation is a satisfactory starting point for estimating dissolution rates of HE particles in saturated-flow soil columns. Furthermore, if the soil porosity, bulk density, and median soil particle diameter are known, the steady state dissolution model can be used to estimate pore water concentrations in other soil types under various flow conditions. If dispersion were neglected (Eq. (8)), the optimal k f and resulting Sh for each condition would be somewhat lower. For example, when accounting for dispersion, k f = 39.6 cm day À1 and Avg. C = average steady-state effluent concentration used to determine k f . Std. Dev. = standard deviation (n À 1) in the average concentration. n = number of concentration measurements in determining Avg. C. * = effluent TNT concentration did not reach steady state. Sh = 2.24 for RDX dissolving from C4 at a superficial velocity of 10 cm day À1 (Table 4 ; Fig. 6 ), whereas k f = 28.5 cm day À1 and Sh = 1.62 when dispersion is neglected (data not shown). The differences in k f values tend to decrease with increasing flow velocity, as the effects of dispersion diminish at higher flow rates. Under field conditions with relatively low flow velocities, dispersion is likely to be an important mass transport mechanism and thus should not be neglected.
Although the steady state model with dispersion yielded good model fits and reasonably good agreement with the Powers et al. (1994) correlation, the major assumptions of the steady-state dissolution model must be critiqued. The major assumption in developing the model was that the specific surface area and mass of source HE particles do not vary over time, which eliminated the need for an explicit mass balance in the model formulation. This assumption is clearly unrealistic, particularly during field-scale dissolution of HE particles over long time periods. Our experiments, however, were not conducted for sufficient duration to observe substantial HE source depletion During the continuous-flow Comp B experiment, approximately 17%, 11%, and 20% of the initial RDX, HMX, and TNT exited the column, while 9.2% and 6.2% of the initial RDX and HMX leached from the continuous flow C4 column. These mass decreases were not sufficient to cause sustained decreases in effluent HE concentrations; however, corresponding decreases in component surface areas create a small degree of uncertainty in the model results (Table 4 ; Fig.  6 ) and the apparent dissolution fluxes (Tables 1 and 2) , particularly near the end of each experiment. For the steady state model with dispersion, decreasing the particle diameter by 50% doubles the HE particle specific surface area and decreases Sh by 50%, demonstrating the importance of careful contaminant source characterization. Longer duration experiments would certainly be useful for observing concentration and flux responses as the HE source is depleted, and could more accurately represent the non-steady state conditions expected in real systems. 
Conclusions
Saturated soil column experiments showed that Comp B and C4 particles readily dissolved at high superficial velocities. In general, higher flow rates yielded higher dissolution rates and higher mass transfer coefficients for all components. Although lower flow rates resulted in higher effluent concentrations, solubility limits were not achieved. Dissolution rates were significantly lower than previously reported dissolution rates, indicating that dissolution in saturated soil columns is much slower than in well-mixed batch reactors. Cycling between flow and no-flow conditions had a small effect on the dissolution rates and effluent concentrations; however, TNT dissolution from Comp B was significantly enhanced under intermittent-flow conditions. In Comp B column experiments, TNT dissolution rates were generally higher than those of RDX and HMX. Our results indicate that solid HE particles will be a significant source of dissolved HEs in pore water over long periods of time. These experimental results and the corresponding steady-state model yield important new information about dissolution of HE particles. In particular, the steady-state model provides a starting point for estimating HE mass transfer from Comp B and C4 particles and the resulting pore water concentrations under different flow conditions in saturated soils.
